Introduction {#S0001}
============

T-cell lymphoblastic lymphoma (T-LBL) is a rare and aggressive form of non-Hodgkin's lymphoma, typically presenting as a bulky mass in the anterior mediastinum.[@CIT0001] It primarily affects children and young adults, with males disproportionately affected relative to females. Pleural effusion is among the most common symptoms, along with bone marrow infiltration and a high risk of central nervous system involvement.[@CIT0002]

At present, management of patients with T-LBL remains difficult owing to the aggressiveness of the disease. The prognosis of patients treated using conventional non-Hodgkin's lymphoma protocols remains unsatisfactory. Although the use of acute lymphoblastic leukemia (ALL) protocols improves long-term survival, approximately half of all patients experience relapse or refractory disease even with intensive chemotherapy.[@CIT0003] Thus, it is of great importance to identify high-risk patients at the time of diagnosis. The GRAALL/LYSA study developed an oncogenetic prognostic model (favourable: *NOTCH1*/*FBXW7* mutation and/or no RAS/*PTEN* mutation/deletion) with an independent prognostic value for survival, indicative of the importance of mutation detection at the time of diagnosis.[@CIT0004] Monitoring of minimal residual disease (MRD) is highly predictive of treatment outcome in adult ALL.[@CIT0005],[@CIT0006] At present, the use of circulating tumor DNA (ctDNA) as a liquid biopsy has emerged as a feasible, non-invasive tool for disease monitoring in malignant lymphomas,[@CIT0007],[@CIT0008] while next-generation sequencing (NGS) technology is a promising approach for mutation profiling of ctDNA owing to its high-throughput capacity, as well as its sensitivity and specificity;[@CIT0008]--[@CIT0010] however, the utility of using ctDNA as a biomarker for T-LBL diagnosis has not been investigated.

Herein, we report our experience treating 43 T-LBL patients in a tertiary hospital over a 9-year period, from 2009 to 2018. We examined treatment outcomes, clinical characteristics, and the use of ctDNA and mutational profiling for patient diagnosis.

Patients and Methods {#S0002}
====================

Patient Selection {#S0002-S2001}
-----------------

From July 2009 to April 2018, 43 eligible patients from Guangdong Provincial People's Hospital, China, were identified for inclusion in this study. The inclusion criteria were as follows: (a) patients with pathologically conﬁrmed T-LBL; (b) patients who were ≥16 years of age; (c) patients who were newly diagnosed; (d) patients who underwent radiological tests for clinical staging; and (e) patients receiving at least one cycle of chemotherapy.

The present study was approved by the Clinical and Research Ethics Committee of Guangdong Provincial People's Hospital, China. All procedures that involved human participants were performed in accordance with the Declaration of Helsinki. All patients provided written informed consent to participate in this study.

Treatment Protocol {#S0002-S2002}
------------------

Most patients (31/43, 72.1%) were treated using the modiﬁed BFM90 regimen ([[Supplementary Table S1](https://www.dovepress.com/get_supplementary_file.php?f=242903.docx)]{.ul}), and five of these patients also received chidamide (10 mg, twice every week) during the maintenance phase and for the first 6 months after completion of chemotherapy. Twenty-one patients completed all the cycles of the BFM-90 regimen. The other 10 patients did not complete the regimen due to disease progression. Four patients received 6 cycles of the CHOPE regimen (cyclophosphamide \[750 mg/m^2^, i.v., qd, day 1\], epirubicin \[75 mg/m^2^, i.v., qd, day 1\], vincristine \[2 mg, i.v., qd, day 1\], prednisone \[90 mg, p.o., qd, days 1--5\], and etoposide \[100 mg/m^2^, i.v., days 1--3\]) and no maintenance. Eight patients received 6 cycles of the hyper CVAD/MA regimen (hyperfractionated cyclophosphamide \[300 mg/m^2^, i.v., q12h, d1--3\], vincristine \[2 mg, i.v., days 4 and 11\], doxorubicin \[50 mg/m^2^, i.v., day 4\], and dexamethasone \[40 mg, i.v., d1--4, days 11--14\], alternating with high doses of methotrexate \[1000 mg/m^2^, i.v., day 1\] and cytarabine \[3000 mg/m^2^, i.v., q12h, days 2--3\]). Intrathecal chemotherapy with cytarabine (30 mg) and methotrexate (15 mg) was given on day 1 of every cycle. Two patients with hyper CVAD/MA received allogeneic stem cell transplantation, and one was treated using autologous stem cell transplantation.

Evaluation and Follow-Up {#S0002-S2003}
------------------------

All patients underwent enhanced computed tomography (CT), or positron emission tomography (PET)/CT for evaluation. Bone marrow biopsy was performed for patients with bone marrow involvement at baseline. The treatment response was evaluated according to the revised efﬁcacy evaluation criteria set forth by the malignant lymphoma International Working Group (IWG).[@CIT0011]

Following completion of therapy, patients were followed up every 3 months for the ﬁrst 2 years, every 6 months from year 3 to year 5, and once every year thereafter. The examined parameters included blood cell count and serum lactate dehydrogenase (LDH) levels.

Sample Collection and Processing {#S0002-S2004}
--------------------------------

Tumor biopsy samples (n = 15) were obtained from formalin-fixed paraffin-embedded (FFPE) tissues. Peripheral blood samples (n = 14) were collected over the course of the disease, stored at −80 °C, and then shipped to the central testing laboratory (Nanjing Geneseq Technology Inc., Nanjing, China). Sequencing of tumor and plasma samples was performed using a panel specifically targeting 102 lymphoma-associated genes ([[Supplementary Table S2](https://www.dovepress.com/get_supplementary_file.php?f=242903.docx)]{.ul}), as previously reported.[@CIT0008]

Statistical Analysis {#S0002-S2005}
--------------------

SPSS 21.0 statistical software (IBM, Chicago, IL, USA) was used for data analysis. The Kaplan--Meier method was used to calculate all survival end points, which were compared by the Log rank test. Cox regression analysis was used for multivariate analyses. In all the figures, error bars represent standard error of the mean. Paired samples were analyzed by a Wilcoxon signed-rank test, while unpaired values were analyzed by a Mann--Whitney test to obtain *p*-values. A Kappa coefficient test was used to assess for agreement between plasma ctDNA and enhanced CT evaluation of tumor response to therapy. Two-sided *p*-values \<0.05 were considered signiﬁcant. Overall survival (OS) time was calculated from the date of diagnosis to the time of death from any cause. Progression-free survival (PFS) time was calculated from the start of treatment to the time of disease progression or death due to T-LBL.

Results {#S0003}
=======

Patient Demographics and Clinical Characteristics {#S0003-S2001}
-------------------------------------------------

A total of 43 adult patients with T-LBL were identified over a 9-year period in Guangdong Provincial People's Hospital, China. Baseline characteristics are shown in [Table 1](#T0001){ref-type="table"}. The median age of the patients was 24 years (range, 16--68 years). Most patients were male (31/43, 72.1%) and presented evidence of a bulky mass in the mediastinum (defined as ≥7 cm, 26/43, 60.5%). The Eastern Cooperative Oncology Group[@CIT0012] performance status of patients was ≥2 in 60.5% of patients at the time of diagnosis. Most of the patients (88.4%) were classified as Ann Arbor stage I--II. The median LDH level was 233 U/L (range, 78--6560 U/litter, upper limit of normal range: 245 U/litter). Twelve (27.9%) patients had B symptoms. More than half of the patients (24/43, 55.8%) had bone marrow involvement, 7 (16.3%) had central nervous system involvement at the time of diagnosis or progression, and 24 (55.8%) had pleural effusion.Table 1Patient CharacteristicsCharacteristicsN (%)Age, years24 (16--68)Male31 (72.1)Ann Arbor stage I--II38 (88.4) III--IV5 (11.6)IPI \> 215 (34.9)B symptoms12 (27.9)ECOG ≥ 226 (60.5)Bone marrow involvement\
 Median percentage24 (55.8)\
15 (5--20)CNS involvement7 (16.3)Bulky mass in mediastinum (≥ 7cm)26 (60.5)Plural effusion24 (55.8)LDH concentration, U/L233 (78--6560) Normal24 (55.8) Elevated19 (44.2)Treatment BFM-9031 (72.1) CHOPE4 (9.3) Hyper CVAD/MA8 (18.6)[^1]

Response to Therapy and Patient Survival {#S0003-S2002}
----------------------------------------

The median follow-up time for eligible living patients was 29.0 months (range: 0.9--122.0 months). Twenty patients were alive at the time of the last follow up. One patient achieved complete remission after receiving a modified BFM-90 regimen but died of myeloid leukemia 3 years after completion of chemotherapy. Most of the patients died as a result of disease progression. The estimated OS and PFS time for all the patients were 37.0 (95% CI: 17.7--56.2) and 28.1 (95% CI: 0.9--55.4) months, respectively ([Figure 1](#F0001){ref-type="fig"}). The estimated 5-year OS and PFS rates for all the patients were 42.9% (95% CI: 42.0--43.8%) and 40.5% (95% CI: 39.7--41.4%), respectively ([Figure 1A](#F0001){ref-type="fig"} and [B](#F0001){ref-type="fig"}).Figure 1Kaplan--Meier curves for ﻿progression-free and overall survival. (**A**) Overall survival of the whole study population. (**B**) Progression-free survival of the whole study population. (**C**) Overall survival of patients with relapsed/refractory disease.

More than half of the patients (22/43, 51.2%) had relapsed or refractory disease. Seven of these patients exhibited no response to initial treatment, while the remaining 15 relapsed after complete remission. The median relapse time was 16.5 months, with most patients relapsing within 18 months after diagnosis. For patients receiving the modified BFM-90 regimen, relapse usually occurred during the maintenance phase, with none of the relapsed or refractory patients surviving ([Figure 1C](#F0001){ref-type="fig"}).

Next, we examined the relationship between clinical characteristics and survival. Younger age and the absence of central nervous system lymphoma were both associated with longer survival time ([[Supplementary Table S3](https://www.dovepress.com/get_supplementary_file.php?f=242903.docx)]{.ul}). Multivariate analysis was performed with age, central nervous system involvement, and LDH level as cofactors. Elevated LDH level (PFS: hazard ratio \[HR\] 4.8, 95% CI 1.6--14.9, *p* = 0.01; OS: HR 3.2, 95% CI 1.1--9.1, *p* = 0.03) was independent prognostic factors for OS and PFS time ([[Supplementary Table S4](https://www.dovepress.com/get_supplementary_file.php?f=242903.docx)]{.ul}).

In the GRAAL-LYSA LL03 trial, a *NOTCH1*/*FBXW7*/RAS/*PTEN* oncogene classiﬁer was identiﬁed as an independent prognostic factor for adult T-LBL.[@CIT0003] To improve clinical outcomes, patients harboring *NOTCH1* and RAS/*PTEN* mutations received oral chidamide (10 mg, twice every week) in addition to routine maintenance treatment during the maintenance phase and for the first 6 months after completion of chemotherapy. In total, five patients received chidamide. At the last follow up, none of these patients had relapsed ([[Supplementary Table S5](https://www.dovepress.com/get_supplementary_file.php?f=242903.docx)]{.ul}).

Noninvasive Mutational Profiling of Tumor Genetic Heterogeneity in T-LBL {#S0003-S2003}
------------------------------------------------------------------------

To evaluate the technical performance of the targeted sequencing approach and the clinical utility of ctDNA for identifying T-LBL tumor genotypes, we analyzed 15 diagnostic T-LBL tumor biopsies and 82 longitudinal plasma samples, 14 of which were obtained before chemotherapy ([[Supplementary Table S6](https://www.dovepress.com/get_supplementary_file.php?f=242903.docx)]{.ul}). Twelve patients had paired tumor and plasma samples. All the patients received the modified BFM-90 regimen. We identified somatic alterations in 100% of tumors, with a total of 92 mutations ([Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}). When applied to the prechemotherapy plasma, our assay detected ctDNA in 100% of the patients ([Figure 2A](#F0002){ref-type="fig"}). In addition, 89.1% of tumor-confirmed mutations could be noninvasively genotyped directly from prechemotherapy plasma ([Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"}). At least one tumor-confirmed variant was identified by noninvasive genotyping in 100% of prechemotherapy plasma samples ([Figure 2A](#F0002){ref-type="fig"}). However, the mutant allele frequencies were significantly lower in plasma ctDNA than in tumor biopsies ([Figure 2C](#F0002){ref-type="fig"}). Plasma and tumor tissue were obtained simultaneously in 3 patients. For the other 9 patients, biopsy was performed before the collection of blood for plasma ctDNA sequencing (median: 4 days; range: 3--10 days). They also received steroids for symptom relief, which may have affected the release of ctDNA into the blood.Figure 2Non-invasive genotyping of T-LBL is feasible. (**A**) Case-level mutational profiles of 15 tumor and 14 plasma samples from patients with T-LBL genotyped by our sequencing panel. Each column represents one sample, each row represents one gene. (**B**) A total of 92 and 124 mutations were detected in tumor and plasma samples respectively. Eighty-two identified mutations were shared between the archival tumor tissue (blue) and plasma (red) ctDNA. (**C**) Correlation assessment of mutant allele frequencies between SNVs of matching tumor/pre-chemotherapy plasma pairs, shown for all tumor/pre-chemotherapy plasma pairs analyzed in this work (n=12). Mutant allele frequencies were significantly higher in tumor samples. (**D**) The 20 most recurrently mutated genes in our cohort are depicted.

The results of the mutational profiling are shown in [Figure 2A](#F0002){ref-type="fig"} and [D](#F0002){ref-type="fig"}. The mutational profiles of T-LBL were similar to those of T-ALL. Oncogenic NOTCH signaling is activated in more than 65% of T-ALL patients and increasing evidence has indicated that it is a major regulator of leukemia cell growth and metabolism.[@CIT0013] In our cohort, mutations in *NOTCH1* were the most frequently identified genetic alterations in tumor tissues (10/15, 66.7%), followed by mutations in *PHF6* (8/15, 53.3%), *TP53* (5/15, 33.3%), *JAK1* (4/15, 26.7%), *JAK3* (4/15, 26.7%), *PTEN* (4/15, 26.7%), and *DNM2* (4/15, 26.7%) ([Figure 2D](#F0002){ref-type="fig"}). Additional mutations were also observed in several histone modification-associated genes such as *SUZ12* (3/15, 20%), *EZH2* (2/15, 13.3%), and *EP300* (1/15, 6.7%).

Prognostic Value of ctDNA in T-LBL {#S0003-S2004}
----------------------------------

We next evaluated whether ctDNA analysis could facilitate early identification of clinically relevant risk groups in T-LBL by comparing the total ctDNA burden at diagnosis with clinical indices ([Figure 3](#F0003){ref-type="fig"}). We did not observe a correlation between the amount of ctDNA and serum LDH levels or tumor volume ([Figure 3A](#F0003){ref-type="fig"} and [B](#F0003){ref-type="fig"}), which may have been due to the small sample size. However, we found that ctDNA concentrations at initial diagnosis were significantly correlated with the International Prognostic Index (IPI) (*p* = 0.01, [Figure 3C](#F0003){ref-type="fig"}). Patients with elevated LDH levels also had higher ctDNA concentrations (*p* = 0.01, [Figure 3D](#F0003){ref-type="fig"}). Notably, whereas 100% of prechemotherapy samples had detectable ctDNA, only 50% of samples had abnormally high concentrations of LDH, demonstrating the superior sensitivity of ctDNA.Figure 3Quantification of ctDNA in relation to T-LBL clinic indices. (**A**) Correlation between tumor volume measured from enhanced CT imaging and ctDNA concentrations from pre-chemotherapy plasma. (**B**) Relationship between LDH and ctDNA concentration from pre-chemotherapy plasma time points. Pre-chemotherapy LDH and MTV values in (**A**) and (**B**) were obtained as close in time as possible to blood draws used for plasma ctDNA sequencing (median, 3 days for LDH and 4 days for tumor volume). r, Pearson correlation coefficient. (**C**) Association between ctDNA concentration at diagnosis and IPI. Statistical comparison between low IPI (1+2) and high IPI (3+4) patients was performed using Mann--Whitney *U*-test. Means and SEMs are indicated. (**D**) Comparison of ctDNA concentration at diagnosis between patients with LDH above or below the upper limit of normal (ULN; 245 U/liter) was performed using Mann--Whitney *U*-test. Means and SEMs are indicated.

Treatment Response Assessment Using ctDNA Quantification {#S0003-S2005}
--------------------------------------------------------

To assess if ctDNA can be employed as a surrogate biomarker of treatment response, we analyzed the longitudinal plasma samples of 14 patients. Patients received enhanced CT at baseline, preconsolidation therapy, prereinduction therapy, premaintenance therapy and 1 month after maintenance. They also received enhanced CT when disease progressed. Blood collection times for plasma ctDNA sequencing were as close to each other as possible (median: 3 days). Overall, we found that ctDNA levels were decreased following chemotherapy, similar to the findings for tumor volume measurements, where a significant decrease in tumor burden was also observed after chemotherapy ([Figure 4A](#F0004){ref-type="fig"}). We report an agreement of 92.6% between ctDNA response and tumor volume measurements at post treatment when compared with baseline using Kappa coefficient analysis (14 patients, 56 time points, kappa = 1.0, *p* = 0.00). These findings demonstrate that the clinical utility of using plasma ctDNA levels for monitoring response is comparable to that of enhanced CT evaluation. Patient 4 developed a residual mass in the mediastinal with ctDNA clearance in plasma after therapy. However, the patient refused a PET/CT scan and biopsy. He was alive until the last follow up but has ended all therapy for more than 6 months.Figure 4Temporal analysis of plasma ctDNA agrees with response to therapy. (**A**) Serial plasma ctDNA analysis was done throughout course of treatment in patients receiving modified BFM-90 regimen. Significant decrease in plasma ctDNA and tumor volumes were observed in response to therapy. These findings were comparable to changes in tumor volume measurements. (**B**) Two patients got disease progression during maintenance. They got complete remission with the clearance of plasma ctDNA after the re-induction phase. Plasma ctDNA arose during the maintenance phase. Then the patients complained of cough and pleural effusion. Progression was confirmed by enhanced CT.

Patients 3 and 12 exhibited disease progression during the maintenance phase. Although ctDNA was identified at the time of clinical relapse ([Figure 4B](#F0004){ref-type="fig"}), it was also detectable as MRD before relapse in both patients. The elapsed time between the first ctDNA-positive time point and clinical relapse was 83 and 84 days, respectively. These results highlight the potential of using ctDNA profiling by targeted sequencing to improve MRD assessment and early relapse detection. However, only 2 patients in our cohort relapsed. The sample size was small, and a larger cohort is required to further evaluate this result.

Discussion {#S0004}
==========

Here, we report the results for all the adult T-LBL patients treated in a tertiary hospital over a 9-year period, from 2009 to 2018. The clinical characteristics of the patients in our cohort were broadly consistent with previous descriptions. The prognosis of our patients remains unsatisfactory, with an average PFS time of 28.1 months (95% CI: 0.9--55.4; [Figure 1](#F0001){ref-type="fig"}). The estimated 5-year OS and PFS rates for all the patients were 42.9% (95% CI: 42.0--43.8%) and 40.5% (95% CI: 39.7--41.4%), respectively ([Figure 1](#F0001){ref-type="fig"}). These survival rates were slightly lower than those reported in other studies using ALL-like intensive chemotherapy regimens in similar patients, which have reported 5-year progression-free survival rates ranging from 62% to 77%.[@CIT0014]--[@CIT0016] Moreover, none of the relapsed or refractory patients in our study survived.

In an attempt to improve survival, we focused on new drugs. We found that over 50% of the patients in our cohort had mutations that resulted in the activation of Notch-1 signaling. HDACi drugs have shown significant therapeutic potential against T-ALL *via* epigenetic targeting of Notch-1-driven transcription.[@CIT0017] Chidamide is a HDACi drug used for the treatment of relapsed or refractory peripheral T-cell lymphoma,[@CIT0018] and was also shown to be capable of killing lymphoid leukemia cells in a preclinical study.[@CIT0019] Thus, chidamide (10 mg, twice every week) was added to the maintenance chemotherapy for 5 patients with *NOTCH1* and RAS/*PTEN* mutations. At the point of the last follow up, none of these patients had relapsed. However, the sample size in this study was small, and a larger prospective study is required to further clarify the effect of chidamide in T-LBL.

Recent advancements in genomic profiling have provided new opportunities for novel therapeutic interventions for patients with lymphoma.[@CIT0007],[@CIT0020],[@CIT0021] However, tumor tissue is not always available, and malignant lymphoma is a genetically heterogeneous, systemic disease, involving multiple organs at initial diagnosis. In contrast, NGS-based ctDNA testing can be easily deployed when tumor tissue is unavailable, while also providing insight into the heterogeneity of the tumor. In our study, a total of 134 genetic alterations were detected, consisting of 82 (61.2%) mutations that were shared between the archival tumor tissue and blood ctDNA. Moreover, more mutations were seen in ctDNA than in archival tumor tissue, highlighting the ability of ctDNA to reveal tumor heterogeneity. We also observed a correlation between the amount of ctDNA and clinical indices. Patients with high LDH and IPI had higher amounts of ctDNA. Thus, plasma ctDNA might complement traditional clinical indices and serve as an independent prognostic biomarker in the future.

Our results also indicated the unique strength of ctDNA detection for longitudinal assessment of tumor response to therapy, which is complementary to imaging in T-LBL. Despite a small sample size, we found a significant reduction in ctDNA concentrations following chemotherapy. Similar patterns in temporal changes in ctDNA concentrations and enhanced CT assessments of tumor response indicated that our analysis of plasma was highly translational. Moreover, detection of ctDNA might be more sensitive and specific than imaging. T-LBL patients usually present with a bulky mass in the anterior mediastinum; however, it can be difficult to discriminate between thymus hyperplasia and residual disease in imaging. In our study, one patient showing residual disease in enhanced CT and clearance of ctDNA also survived after completion of chemotherapy. We also observed that patients had detectable ctDNA levels before clinical progression.

Our study had some limitations. First, this was a retrospective study with a relatively small sample size. Moreover, patients were treated during a 9-year period, and methods for disease diagnosis and monitoring can change over time. Only 2 patients with progressive disease had NGS-based ctDNA analysis. Thus, it's hard to clarify the correlation of mutation profile and ctDNA mutation with treatment outcome. It's also hard to clarify the correlation of early clearance of ctDNA with survival time. Second, NGS-based ctDNA analysis was performed for 14 patients, whereas only a few received a PET/CT scan for disease surveillance. Consequently, it was difficult to evaluate the correlation between ctDNA detection and PET/CT in our study. Third, we did not test bone marrow in patients with bone marrow infiltration, or cerebrospinal fluid (CSF). Detecting ctDNA in CSF has been shown to be a more sensitive method for the detection of central nervous system metastasis than cytology.[@CIT0022] In the future, we will prospectively combine detection of ctDNA in CSF, bone marrow, and plasma for molecular characterization and surveillance of T-LBL.

Conclusion {#S0005}
==========

In conclusion, we reported the clinicopathological characteristics of adult T-LBL in a Chinese population. The overall prognosis of these patients was poor. Incorporation of chidamide might improve outcomes in patients with unfavorable genetic mutations. We also observed that plasma ctDNA analysis is a feasible and promising method to use for the detection of mutational load. Detecting ctDNA in plasma may provide an additional method for molecular disease characterization and might also serve as a supplementary means for evaluating tumor response to T-LBL treatment. However, given the small sample size and retrospective nature of the study, more research will be necessary to assess the effects on disease outcomes.
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[^1]: **Notes:** B symptoms, presence or absence of night sweats, more than 10% weight loss over 6 months, or recurrent fever \> 38.3°C; BFM-90, Berlin--Frankfurt--Munster-90 regimen; CHOPE, cyclophosphamide, adriamycin, vincristine, prednisone and etoposide; CNS, central nervous system.

    **Abbreviations:** ECOG, Eastern Cooperative Oncology Group performance status; Hyper CVAD/MA, hyper fractionated cyclophosphamide, vincristine, adriamycin, and dexamethasone alternated with methotrexate and cytarabine; IPI, international prognostic index; LDH, lactose dehydrogenase; N, number of patients.
